All natural flyers equip flexible wings. It's widely thought that the wing flexibility can play important roles in flight aerodynamics. In the current work, a combined experimental and computational method is developed to study the role of morphing wing in hovering dragonfly aerodynamic performance. We start with taking high-speed images of a freely flying dragonfly. Next, a surface reconstruction method is used to obtain detailed kinematical and morphological data from the raw high-speed images. After that, spherical-coordinates-based singular value decomposition (SSVD) is applied to decompose the morphing wing kinematics into simple modes. Results have shown that the first two SSVD modes contain 93.1% of the hovering wing motion. The mode 1 (flapping mode) consists of a simple flapping motion, and the mode 2 (morphing mode) contains dynamic wing morphing in both span-wise and chord-wise directions. By evaluating the aerodynamic role of the SSVD modes using a high-fidelity flow simulation, we further conclude that the first two modes can recover more than 96% of the lift production and 91% of the lift economy comparing to the original flapping wing aerodynamcis whereas the mode 1 only produces 5% of the lift and 4% of the lift economy. The associated flow mechanisms of the morphing mode are found to be the reduced wing tip vortex and the improved attachment of leading-edge vortex.
Introduction
HE wings of natural flyers exhibit highly complex three-dimensional kinematics and morphology during flapping flight [1] . It is widely believed that wing morphing can potentially provide new mechanisms of aerodynamic force production, which presents itself as passive or active chord-wise and span-wise morphing as a result of fluid-structure interaction or active flight muscle control, which is not presented in completely rigid wings [2] . However, the rigid wing assumption is made in early studies of flapping wing kinematics and aerodynamics due to lack of effective technology and the complexity of wing morphing. For instance, Fontaine and colleagues studied free-flying Drosophila using automated model-based tracking for analysis of the wing-body kinematics during voluntary and escape take-offs [3] . However, all wings were treated as 1 Ph.D. Candidate, AIAA student member, yr5my@virginia.edu To better analyze the complex flapping motion, singular value decomposition (SVD) was used previously to decompose the motions of a highly deformed fish pectoral fin of a bluegill sunfish during steady swimming [4] . Unlike the decomposition of the deforming motion based on the observation and experience [5] , SVD is a robust mathematical method for data analysis, aimed at obtaining low-dimensional, approximate descriptions of a high-dimensional process or dataset [6] . The SVD or similar methods, such as proper orthogonal decomposition (POD) and principle-component analysis (PCA), have been used in many areas including image processing, data compression, process identification and oceanography [6] . POD has also been used to obtain approximate, low-dimensional descriptions of fluid flows [7, 8] , structural vibrations, and dynamical systems. PCA has been used before for understanding the gait of biological entities [9] . Bozkurttas and colleagues have successfully applied SVD in their work and found out that the complex fin motion is dominated by a relatively small number of SVD modes (five modes) [4] . The first three dominant modes, which contain 67% of the total motion, can recover 92% of the thrust of the pectoral fin. Moreover, the mode 3, which is a wave-like motion in the span-wise direction, is primarily a result of flow-induced deformation.
In the current work, a combined experimental and computational method is developed to study the complex wing motion and its associated aerodynamics. First of all, high-speed photogrammetry is used to obtain raw flight data of the dragonfly. After that, a surface reconstruction technique is developed and used to obtain the detailed kinematical and morphological data. The method is based on a previously published methodology [1] . Next, a spherical-coordinates-based SVD (SSVD) method is developed and used to decompose the complex wing motions to SSVD modes. It is based on the conventional SVD method [4] . The modified method is proved to be more compatible with a flapping wing system, in which the wings are rotating about the wing roots. The spherical coordinate system can best fit the characteristics of the wing motion. The complex wing motions can be described by only two dominant SSVD modes. The two dominant modes, which contain 93.1% of the total motion, are highly distinguishable. The mode 1 (flapping mode) consists of a simple flapping motion, and the mode 2 (morphing mode) contains morphing in span-wise and chord-wise directions. Moreover, the dominant SSVD modes are more realistic since the wing length and surface area are reserved. At last, low-dimensional models are constructed and associated aerodynamics is studied via direct numerical simulations (DNS).
Methodology

A. High-speed photogrammetry and surface reconstruction
In this work, we use high-speed photogrammetry and surface reconstruction to obtain flight locomotion of natural animals. Three-dimensional wing and body geometry were measured using all three orthogonal views of the animal. The method have been described in detail in previous publication [1] . In particular, the wing and body positions were recorded using a fully calibrated videography system from three orthogonal views using Photron Fastcam SA3 cameras. The images were taken at 1000 frames per second with a resolution of 1024×1024 pixels.
B. Spherical-coordinates-based singular value decomposition (SSVD) and lowdimensional models SVD is a powerful method for data analysis aimed at obtaining low-dimensional approximate descriptions of a high-dimensional process or dataset [6] . The most remarkable feature of the SVD is its optimality: it provides the most efficient way of capturing the dominant components of any dataset with only a finite and often surprisingly few numbers of modes. In gait analysis, PCA has yielded insights into human walking strategies and the interrelationships in terms of temporal, kinematic and kinetic variables. For animals in nature, Bozkurttas and colleagues [4] have used SVD to study the pectoral fin kinematics and its associated hydrodynamics of bluegill sunfish. SVD and other similar methods are closely related, and the close connections and equivalence of these various methods can be found elsewhere [6] . American Institute of Aeronautics and Astronautics Similar to the conventional SVD method [4] , we have developed spherical-coordinates-based SVD (SSVD) in this work. The spherical coordinate system is applied to describe the flapping wing motions in the current work, instead of using the conventional Cartesian coordinate system. As shown in Figure 1 , the nature of flapping flight is that the wings are rotating about the wing roots, and also, each wing chord is rotating about the span axis. The spherical coordinate system can best fit the characteristics of flapping wing motions. In this section, we will introduce the detailed procedure of SSVD method.
(1) Reference snapshot determination In order to perform a valid decomposition that can effectively extract wing morphing, a reference snapshot should be determined before the decomposition takes place. In this work, the snapshot with least wing deformation is chosen. The least square plane of wing shape, which can be mathematically described as a 
Where i R is the distance from the th i vertex on the wing surface to the least square plane, and it is defined as:
The reference snapshot is then chosen as the one with smallest standard deviation Q among all time steps.
(2) Displacement matrix and singular value decomposition SVD can be considered as an extension of the traditional eigenvalue decomposition for the non-square matrix, which contains dataset that represent the wing motion in both time and space. Displacements of all m nodes on the wing surface at n distinct instants in time are stored in this matrix, named displacement matrix. The displacement matrix (denoted by A ) is as follows:
The displacements stored in above matrix are calculated as follows: (5). Similarly, lower dimensional (say rank K n  ) approximations to the dataset can be obtained by using an approximation to
and reconstructing from the SSVD as follows:
Results
A. SSVD analysis of the forewing of a hovering dragonfly
In this section, the forewing motion of a hovering dragonfly will be used to demonstrate the decomposition results. 30 snapshots of the wing motion for one complete flapping cycle are used in the decomposition. As expected, the SSVD leads to 30 distinct singular values, and the spectrum for the first ten singular values of the wing motion is shown in Figure 2 along with a cumulative plot for the same data. The normalized singular value for k th mode is defined as:
The singular values are normalized by the sum of all singular values. Therefore, the cumulative values sum to unity. A number of interesting observations can be made from this plot. First, the singular value spectrum shows three distinct ranges: the first between mode 1-2, in which we see a rapid decrease in the amplitude, the second from mode 2-4 in which there is a much slower reduction in amplitude and, finally, the range from mode 4-30 that has negligible (less than 2%) total contribution. The rapid initial decrease in the spectrum is significant which suggests that a small number of modes contain most of the essential features of the wing gait. In fact, the cumulative values show that the first two and three modes capture about 93.1% and 96.0% respectively of the total motion. In fact, only the first mode captures close to 84.7% of the motion of the wing, which is a clear demonstration of the ability of SSVD to represent the dataset with the least possible number of modes. The gait corresponding to individual modes can be extracted as described above, and the surface conformations for each of these extracted modes are then constructed using the original wing mesh with triangular elements. The first two modes are highly distinct and relatively easy to interpret, and we briefly describe the key qualitative features of these modes. Figure 3 
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Mode 2 is a twisted motion primarily in the span-wise direction, which occurs along the span axis of the wing. It presents as chord-wise rotations of the wing during the reversal phase. In contrast to mode 1, this mode is primarily a result of flow-induced deformation. It can be deduced from the fact that there are no muscles in the wing surface that could produce deformation in the wing. Furthermore, the deformation is primarily in the direction of the flow relative to the wing motion, which supports the assertion that this mode is flow-induced. The rest of the modes in the spectrum are associated with relatively small motions that are not very distinct. We, therefore, do not describe these individually. Figure 3(d) shows the surface snapshots at four different time instances during one flapping cycle for mode 1+2. The similarity between the wing shapes for Mode 1+2 and the Mode-All/experiment cases is evident in this figure. Removal of higher SSVD modes from the motion is analogous to filtering the experimental data in space and time.
The decomposition of the wing morphing kinematics can lead to the corresponding studies on the roles of those SSVD modes to the aerodynamics, the contribution of each mode to the strain energy of the wing [10] , or even an optimization study based on those modes [11] .
B. Effects of model dimensionality on aerodynamic performance
A sharp-interface immersed-boundary method described by [12] has been used to conduct simulations in this work. The method has been successfully applied in many simulations on bio-locomotion, such as insect flight [13, 14] , fish swimming [15] and canonical modeling for bio-inspired flapping propulsion [16] [17] [18] [19] .
In the current study, we focus on the following low-dimensional models: mode 1 and mode 1+2. All the wing gaits are studied at a Reynolds number of 1840 based on the average velocity of the wing mid chord, and a reduced frequency of 0.25. Thus, the dynamical similarity between the mode-all case and the lowdimensional models is maintained, and this allows us to isolate the effect of model dimensionality on the wing performance. Although the main focus of the current work is the analysis of the aerodynamic and performance of low-dimensional models based on SSVD modes, some key results for the mode-all case are also included here, since comparison with the mode-all case is key to understanding the scaling of the aerodynamic performance as the dimensionality of the models is increased. All the results presented here have been obtained by simulating the flow over four wing strokes. In computing mean quantities, we have discarded the first stroke, and all plots of instantaneous quantities correspond to the third cycle in the stroke by which time the flow has reached a well-established stationary state.
In this section, we describe the effects of increasing the dimensionality of the forewing motion of the hovering dragonfly on the aerodynamic performance. The effects of model dimensionality on the quantitative characteristics of the wing are investigated, including force production and lift economy.
The time variations of lift, drag and power coefficients are presented for all the low-dimensional gaits and compared to the mode-all case in Figure 4(a -c) , respectively. The force and power coefficient for a generic force F and aerodynamic power P are defined as: 2 3 , 1/ 2 1 / 2
where A is the wing area;  is the air density; and ref U is the reference velocity, which is chosen as the average velocity of the wing mid chord. Several observations on how each SSVD mode contributes to the performances of the wing can be made from these results. It should be noted that only mode 1 can be simulated by itself. However, given the underlying nonlinearity of the flow, the contribution of mode 2 and mode 3 are investigated by considering the differences in the performances from the lower-level gait. Thus, the effect of mode 2 on performance is obtained by analyzing the differences between the performances of the mode 1 and mode 1+2 cases. Similarly, the effect of mode 3 on wing performances can be assessed by comparing the performances of the mode 1+2+3 case with that of the mode 1+2 case.
As we can see in Figure 4 that, the aerodynamic performances are very similar for all cases except for the mode 1 only case. For the lift production, Figure 4(a) shows that all cases produce positive lift except for mode 1 case, which negative lift can be observed during the upstroke. Also, the lift production for mode 1 case during downstroke is much smaller (about 2.5 times smaller) than other cases. For the drag production, Figure 4 (b) shows that the drag is much higher for mode 1 only case during the downstroke. For upstroke, the drag productions are very similar for all cases. These are because the lack of wing rotation about the span American Institute of Aeronautics and Astronautics axis, which is included in the deformation mode (mode 2). During the downstroke, the wing angle of attack for mode 1 case is much greater than other cases, and it leads to less lift and more drag production ( Figure  4b ). During the upstroke, the wing angle of attack for mode 1 case is greater than 90 degrees due to lack of wing rotation about the span axis, and negative lift produces at this phase. The involvement of the deformation mode (mode 2) can greatly improve the lift production and reduce the drag produced by the wing. For the aerodynamic power histories (Figure 4c ), we can see that all cases present two peaks during the cycle, and the amplitude of power consumption for mode 1 case is much greater than other cases at both down and upstrokes. This suggests that involving the deformation mode (mode 2) can also reduce the power consumption of the dragonfly.
Cycle averaged aerodynamic performances are listed in Table 1 for mode-all and low-dimensional wing gaits, including the lift economy  . Unlike the other studies in which the thrust economy and the long-term energy saving are considered, here, we care about the efficiency of the lift generation that is defined as / L PW C C   . We can see from the table that mode 1+2 is a good approximation of the original wing motions mode-all. It contains only two dominant SSVD modes, and the motion is recovered over 90%. The associate aerodynamic performances of mode 1+2 case are very similar to the mode-all case as. The lift production is recovered 93% of the original motion. 
C. Effects of model dimensionality on vortex structures
In this work, our focus is on the near wake structure. We cut slices along the wingspan to see the leading edge vortex structures and measure the associated circulations evaluated at each slice. Figure 5 shows the corresponding results. We can see from the figure that for all cases, the LEV shapes gradually grow bigger from the wing root to wing tip. More importantly, the corresponding vortex structures are very different in (a) (b) (c) mode 1 only case comparing to other cases. The LEV shapes are much bigger, and the associated attachment is bad in mode 1 case. For other cases, the LEV shapes are similar. Small differences can be observed near the wing tip region. At mid downstroke (t/T=0.25), the LEV attachment is pretty good for all cases except for the mode 1 only case. However, at mid upstroke (t/T=0.75), the LEV attachment is not as good as that at mid downstroke. Quantitative measurements related to the LEV attachments of all cases discussed above are conducted. We first determine the LEV centers based on vortex shapes shown in Figure 5 . After that, we measure the distances, which are named as lift-off distances, between LEV centers (green dots) and the wing surface to evaluate the LEV attachments. Figure 6 shows the results at mid downstroke (t/T=0.25) and mid upstroke (t/T=0.75). For the mode 1 only case, the lift-off distances are much higher than other cases in both time instances, which indicates bad LEV attachment. In addition, the ranges of the lift-off distance are much wider in mode 1 only case for both time instances. It ranges from 0.15 chords to 0.55 chords at mid downstroke, and from 0.20 chords to 1.09 chords at mid upstroke. Moreover, at mid downstroke, a small peak of lift-off distance shows up at 60% span and then drops at 70% span, which corresponds to the shed of LEV at 70% span in Figure 5(c) .
For the mode-all and mode 1+2 cases, the lift-off distances are quite similar. The differences are less than 8% and 10% for each span location at mid downstroke and mid upstroke, respectively. More importantly, at both time instances, two distinct ranges of the lift-off distances can be observed. The first range is from (a) The lift-off distances at mid downstroke are almost twice as much as that at mid upstroke for all cases and span locations, which indicates that the LEV attachment at downstroke is much better than upstroke.
Quantitative measurements of LEV circulation distributions along the wingspan are also performed for all cases discussed above based on the 2D flow slices shown in Figure 5 . Figure 7 shows the corresponding results at mid downstroke (t/T=0.25) and mid upstroke (t/T=0.75). The circulation is calculated and normalized as follows:
Where S stands the surface of LEV shapes shown in Figure 5 ;  is vorticity on S ; ref U is reference velocity, which is chosen as the average velocity of wing mid chord; c denotes the mid chord length. We can see from Figure 7 that the LEV circulations of mode-all, mode 1+2 and mode 1+2+3 cases are very close. The difference is less than 7% at mid downstroke and 3% at mid upstroke. For all cases, the LEV circulations gradually increase from the wing root to wing tip and drops a little bit near the wing tip region. Maximum circulation can be observed at around 80% span, and the corresponding value for mode 1 only case is about 1.5 and l.3 times larger than that of other three cases at mid downstroke and mid upstroke, respectively. In summary, we have studied three-dimensional flows around the forewing of a hovering dragonfly in this section, focusing on the effects of model dimensionality. Both qualitative observations and quantitative measurements are performed. The results show that for cases of mode-all, mode 1+2 and mode 1+2+3, the (a) (b) (a) (b) wake structures in both far and near field are similar, while significant differences can be found in mode 1 only case. Quantitative measurements of the flow field at two time instances (t/T=0.25 and 0.75) are performed in all cases, including the LEV lift-off distances and circulations. The results show the similarity in all cases except for the mode 1 only case, which has much greater LEV lift-off distances and circulations.
Conclusion
In this work, a combined experimental and computational method is developed to study the complex morphing wing kinematics and its associated aerodynamics of a hovering dragonfly. SSVD analysis shows that the wing motion can be described by only three dominant modes. The first two dominant modes, which contain 93.1% of the total motion, are highly distinguishable. The mode 1 (flapping mode) consists of a simple flapping motion, and the mode 2 (morphing mode) contains morphing in span-wise and chord-wise directions. The simulation results show that with the help of the mode 2, the lift production and lift economy are greatly improved comparing to the mode 1 only case. Also, the mode 1+2 case can recover 96% of the lift production and 91% of the lift economy of the original case. By studying the unsteady flow field of all cases, we conclude that the SSVD mode 2 can greatly reduce the large tip vortex found in the mode 1 only case. In addition, the leading edge vortex attachment is greatly improved for the cases with the mode 2.
